Abstract: Carbon capture and storage (CCS) is one of several useful strategies for capturing greenhouse gases to counter global climate change. In CCS, greenhouse gases such as CO 2 that are emitted from stacks are isolated in underground geological storage. Natural analogue studies that can provide insights into possible geological CO 2 storage sites, can deliver crucial information about the safety and security of geological sequestration, the long-term impact of CO 2 storage on the environment, and the field operation and monitoring requirements for geological sequestration. This study adopted a probability density function (PDF) approach for CO 2 leakage monitoring by characterizing naturally occurring CO 2 -rich groundwater as an analogue that can occur around a CO 2 storage site due to CO 2 dissolving into fresh groundwater. Two quantitative indices, (QI tail and QI shift ), were estimated from the PDF test and were used to compare CO 2 -rich and ordinary groundwaters. Key geochemical parameters (pH, electrical conductance, total dissolved solids, HCO 3 − , Ca 2+ , Mg 2+ , and SiO 2 ) in different geological regions of South Korea were determined through a comparison of quantitative indices and the respective distribution patterns of the CO 2 -rich and ordinary groundwaters.
Introduction
Global climate change resulting from anthropogenic greenhouse gas emissions will accelerate if fossil fuel use increases in the future. Various technologies have been proposed and investigated for the purpose of preventing, reducing, and using the greenhouse gases that result from fossil fuel combustion. Carbon capture and storage (CCS) technology is perhaps one of the most attractive technologies for mitigating global climate change. CCS works by capturing greenhouse gases such as CO 2 that are emitted from stacks and isolating that CO 2 in underground geological storage. Geochemical and geophysical technologies are used alongside CCS for environmental monitoring. Natural analogue studies related to geological storage can: (1) Provide insight into future geological CO 2 storage sites; (2) Provide essential information about the safety and security of geological sequestration; (3) Help identify possible long-term impacts to the environment from CO 2 storage; (4) Help determine the 
Geological Setting
The study area includes Gangwon and Gyeongsang Provinces and Chungcheong Province in South Korea (Figure 1 ). CO2-rich groundwater and natural carbonated springs occur mainly in northeast Gangwon Province, north Gyeongsang Province, and in the Chungcheong Province [13] . The CO2-rich water emerges from natural springs in granitic areas of Gangwon and Gyeongsang Provinces and is extracted from deep wells for bathing in Chungcheong Province. The CO2-rich water occurs in sedimentary rock areas of Gyeongsang Province, unlike Gangwon and Chungcheong Provinces [13] .
The bedrock in Gangwon Province consists of various types of granite (Jurassic biotite granite, muscovite granite, and graphic granite) and banded gneiss [15] [16] [17] . Chungcheong Province is composed largely of granite, but with a wide variety of additional rock compositions. The Chojeong area consists of metamorphic rocks derived from sedimentary protoliths, Jurassic biotite granite, and chalk, with mineralized acidic dikes containing sphalerite, scheelite, chalcopyrite, and pyrrhotite, as well as Quaternary rocks. The Jungwon area consists mainly of biotite granite, consisting of 27.4% quartz, 26.3% K-feldspar, and 38% plagioclase, along with gneiss. The Munkyeong area features Quaternary rocks, biotite granite, and chalk karst terrain. In the Cheongsong area, Jurassic granite is the main lithology (Table 2) . Table 2 . The location of CO2-rich water in Korea (Kim et al., 2002 Figure 1 . Sampling regions of carbonated water in South Korea [13] .
The study area includes Gangwon and Gyeongsang Provinces and Chungcheong Province in South Korea ( Figure 1 ). CO 2 -rich groundwater and natural carbonated springs occur mainly in north-east Gangwon Province, north Gyeongsang Province, and in the Chungcheong Province [13] . The CO 2 -rich water emerges from natural springs in granitic areas of Gangwon and Gyeongsang Provinces and is extracted from deep wells for bathing in Chungcheong Province. The CO 2 -rich water occurs in sedimentary rock areas of Gyeongsang Province, unlike Gangwon and Chungcheong Provinces [13] .
The bedrock in Gangwon Province consists of various types of granite (Jurassic biotite granite, muscovite granite, and graphic granite) and banded gneiss [15] [16] [17] . Chungcheong Province is composed largely of granite, but with a wide variety of additional rock compositions. The Chojeong area consists of metamorphic rocks derived from sedimentary protoliths, Jurassic biotite granite, and chalk, with mineralized acidic dikes containing sphalerite, scheelite, chalcopyrite, and pyrrhotite, as well as Quaternary rocks. The Jungwon area consists mainly of biotite granite, consisting of 27.4% quartz, 26.3% K-feldspar, and 38% plagioclase, along with gneiss. The Munkyeong area features Quaternary rocks, biotite granite, and chalk karst terrain. In the Cheongsong area, Jurassic granite is the main lithology (Table 2) .
Unlike Gangwon and Chungcheong Provinces, Gyeongsang Province consists mainly of sedimentary bedrock from the Gyeongsang Supergroup, which has a thickness of 8-10 km and includes conglomerate, sandstone, shale, mudstone, marl, and other lithologies, along with volcanic rocks and thin layers of limestone above and below the supergroup [13, 14] . In Gyeongsang Province, the CO 2 -rich groundwater occurs in the sedimentary rocks of this supergroup [18] .
Methods
Water samples were collected at wells and springs in Gangwon, Gyeongsang, and Provinces [13] . The pumped water samples were collected after being purged at the wells. Physico-chemical data such as temperature, pH, oxidation-reduction potential (Eh), electrical conductivity (EC), and dissolved oxygen (DO) were measured in situ using a multi-parameter meter (model: Orion 1230) by Gumi Water Quality Analysis Center, according to Korea's water quality standard [14] . The major cation and trace element concentrations of the water samples were analyzed by ICP-AES (Shimadzu ICPS-11000 III, Kyoto, Japan) and ICP-MS (FISONS PlasmaTrace, Winsford, UK) at the Korea Basic Science Institute and anions were analyzed by ion chromatography (Dionex 500, Conquer Scientific Lab Equipment, San Diego, CA, USA) at the Korea Atomic Energy Research Institute (KERI) [14] . Tritium and stable isotopes were analyzed by using a liquid scintillation analyzer (Model Parkard Tricarb 2770TR/SL, Packard Instrument Co., Inc., Meriden, CT, USA) and the stable isotope analyzer (Model VG SIRA II, VG, Middlewhic, Cheshire, UK and Micromass Optima, USGS, Reston, VA, USA) at KAERI, respectively.
Statistical Procedure
Many factors can contribute to uncertainty in geochemical monitoring data, including the accuracy and precision of sampling and analysis, the representativeness of sample size and timing, and the proficiency of the participants. A probabilistic approach in statistics means to obtain the likelihood of occurrence of a certain number of events using a random variable. A probabilistic approach is useful for processing and expressing potentially uncertain geochemical data. In this study, the PDF test, a statistical probability technique, was implemented in order to examine and compare geochemical characteristics between CO 2 -rich and ordinary groundwaters, and then to discriminate key parameters for CO 2 monitoring.
The procedure employed for discriminating CO 2 -rich versus ordinary groundwater is as follows: (1) Select the chemical components of the CO 2 -rich and ordinary groundwaters; (2) Fit the chemical components through Kolmogorov-Smirnov, Anderson-Darling, and Chi-square tests; (3) Determine the statistical distributions of the respective chemical components; (4) Execute a Monte Carlo simulation to generate a PDF.
Goodness of Fit Test for Distribution

Kolmogorov-Smirnov Test
The Kolmogorov-Smirnov (K-S) test compares the empirical cumulative distribution function of the sample data and the predicted cumulative distribution function. The test rejects the predicted cumulative distribution function with the greatest deviation, D, between the predicted cumulative distribution function and the empirical cumulative distribution function. At least 1000 samples are needed for accurate judgment of the K-S test. D is determined by
Here, the sample size is N, F X j is the predicted cumulative density function, and
N is the empirical cumulative density function. In other words, D means the maximum distance between F X j and n(j) N . At a certain confidence level (e.g., 95%), the null hypothesis (H 0 ) is rejected if D is greater than the critical value. One advantage of the K-S is that the test statistic does not depend on the theoretical distribution type (i.e., logarithmic normal, exponential, etc.) nor the sample size, but one disadvantage is that the test is susceptible to D at the central part of the distributions.
Anderson-Darling Test
The Anderson-Darling (A-D) test is a modified K-S test. The null hypothesis (H 0 ) is rejected if AD is greater than the critical value, with a certain confidence level (e.g., 95%). That is, the sample distribution does not mean the same population as the theoretical distribution. The A-D test is the tightest method among the statistical tests. AD is determined by
Here, S = ∑
The A-D test is more advantageous than the K-S test when both tails have a better fit than the central part, while it is disadvantageous due to dependence of the critical value on the specific distribution type. Consequently, the A-D test has the disadvantage of calculating the critical values for each theoretical distribution.
Chi-Squared Test
The Chi-squared (χ 2 ) test is a method of determining χ 2 by dividing the square of the absolute values of the observed data and the expected values by the number of class sections.
where O(i) and E(i) denote the observed data and the expected values, respectively, and n is the number of class sections. A smaller χ 2 is means a better fit.
Probability Density Function
Probability density functions use a continuous random variable X that can take a certain real number x. A continuous random variable (X) has infinite possible real numbers, with almost zero probability of taking any real number, and is determined by the probability, P, that X belongs to two real number intervals, x 0 and x n .
Here, n is the number of class sections and f (x) is the average rate of change of the probability in the interval (x k , x n ). The probability P(X ≤ x k + ∆x) − P(x k ) that X belongs to an arbitrarily small interval (x k , x k + ∆x) is equal to the area of the kth interval, f (x)∆x:
where f (x k ) is the average rate of change of the probability in the interval (x k , x k + ∆x).
Monte Carlo Simulations
Monte Carlo simulations involve random sampling and computer simulation to obtain approximate solutions to mathematical or physical problems, especially those with a certain range of probability values. This study adopted a Monte Carlo approach to determine the predicted chemical component values of the random variable through repeated simulation. For a Monte Carlo simulation, a stochastic model should be established based on the relationship between the chemical component variables. The Monte Carlo method was effectively applied in this study of a highly uncertain, non-Gaussian distributed, complex function, with relationships existing between variables.
Comparing the PDFs of the CO 2 -Rich and Ordinary Groundwaters
The generated PDF can supply quantitative statistical results, including median, mean, and standard deviation, and qualitative results (i.e., distribution patterns), such as normal, exponential, or uniform. These quantitative and qualitative results were used to compare the geochemical characteristics of the CO 2 -rich and ordinary groundwaters. To effectively compare the different geochemical characteristics, two QIs (QI tail and QI shift ), estimated from the PDF test, were compared with the results of the Wilcoxon test and the t-test that determined non-parametric and parametric estimations. QI tail , a quantitative index for the distribution pattern, and QI shift , an index for distribution shift, respectively, are expressed as:
Here, MD c and MN c are the median and mean of comparative values, respectively, MD b is the mean of background values, and SD b is one standard deviation (1σ) of background values. If the indices are greater than one, the pair being compared is judged different. The larger the difference between the median and mean values, the bigger QI tail becomes. This indicates that the concentration of the water-quality parameter has been partially increased due to the effects of CO 2 -rich groundwater, resulting in a distribution that has a long and shallow tail to the right. If the concentration increases overall, QI shift increases and the distribution simply shifts with a similar pattern.
One standard deviation (1σ) was used because it is more sensitive than two standard deviations (2σ) when discriminating object values from background values. Additionally, because the concentration of a water-quality parameter is typically increased when rock reacts with CO 2 -rich groundwater, only the values higher than one standard deviation (>+1σ) located beyond the right side of the distribution were used.
Results and Discussion
Gangwon Province
In Gangwon Province, the CO 2 -rich groundwater is classified into Na-type, Ca-type, and Ca-Na-type, whereas the shallow ordinary groundwater contains approximately equal concentrations of Na and Ca, as well as K and Mg. The temperature and pH of the CO 2 -rich water were 10.4-19.4 • C and 5.5-6.4, respectively. The electrical conductance (EC) values of 454-2220 µS/cm indicate a large amount of dissolved ions. The partial pressure of CO 2 in the CO 2 -rich water in Gangwon Province was 10 −0.37 -10 0.31 atm, calculated by SOLVEQ [18] using data on temperature, pH, and alkalinity [13] ( Table 3 ). Seventeen components (temperature, pH, Eh, EC, DO, alkalinity, log P CO 2 , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO 2 , Cl − , SO 4 2− , NO 3 − and F − ) were used for the PDF test. By quantitative comparison, the PDF distributions of the CO 2 -rich and ordinary groundwaters were clearly distinguished by the 15 items other than temperature and Cl − , with QI shift larger than 1, and by the 16 items other than temperature, with QI tail larger than 1 ( Figure 2 , Table 4 ). The comparison of the PDF test with the t-test and the Wilcoxon test showed the same result as the monitoring items except for the cases of Eh and NO 3 − (Table 5 ). In addition, the PDF test had more effective discrimination capability than the t and Wilcoxon tests by the criteria of skewness and kurtosis. A similar distribution of the parameters for the groundwaters was also identifiable by the criterion of a median within one standard deviation (Table 4) . As such, the 15 items of pH, Eh, EC, DO, alkalinity, log P CO 2 , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO 2 , SO 4 2− , NO 3 − , and F − were determined to be effective markers for CO 2 monitoring in the granite and banded gneiss areas of Gangwon Province.
Gyeongsang Province
In Gyeongsang Province, pH of CO 2 -rich groundwater ranges from 5.9 to 6.4 with mean value of 6.23, slightly lower than the 6.5-6.7 (mean value of 7.21) of ordinary groundwater and the 6.6-7.6 of surface water. EC is high, 1406-3030 µS/cm. P CO 2 ranges from 10 −0.40 to 10 0.15 atm (the median of 10 −0.18 atm) in carbonated groundwater, compared with 10 −2.52 -10 −2.09 atm in ordinary groundwater and 10 −2.75 -10 −1.54 atm in surface water [13, 14] . The median P CO 2 of the CO 2 -rich groundwater is 10 −0.18 atm. (Table 6 ). Na + is dominant in high temperature and deep areas and Ca 2+ is dominant in relatively lower temperature and natural groundwater areas [20, 21] . Additionally, Ca 2+ becomes dominant with the progress of carbonization. These phenomena in the Gyeongsang area imply that the natural environment is at relatively low temperature, or that the surrounding rocks are highly affected by gneiss, calcite, and dolomite, among others.
In Gyeongsang Province, the PDF test was performed using 21 components ( Table 7) . Most of the components of the ordinary and CO 2 -rich groundwaters appeared distinctly as effective markers for CO 2 monitoring by the PDF test and by the t and Wilcoxon tests. However, the components of DO, Cl − , SO 4 2− , Sr 2+ , Na + , and Li + were not suitable for use as markers ( Figure 3 , Table 8 ).
As such, 12 items (temperature, pH, Eh, EC, HCO 3 − , TDS, K + , Mg 2+ , Ca 2+ , SiO 2 , NO 3 − , and F − ) were determined as useful markers for CO 2 monitoring in the sedimentary rock areas of Gyeongsang Province. Trace elements such as Al 3+ , Fe 2+ , and Mn 2+ were also discriminating, but were excluded because their concentrations were very low and because they were not analyzed at the other two provinces.
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As such, the 15 items of pH, Eh, EC, DO, alkalinity, log P , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO2, SO4 2− , NO3 − , and F − were determined to be effective markers for CO2 monitoring in the granite and banded gneiss areas of Gangwon Province.
In Gyeongsang Province, pH of CO2-rich groundwater ranges from 5.9 to 6.4 with mean value of 6.23, slightly lower than the 6.5-6.7 (mean value of 7.21) of ordinary groundwater and the 6.6-7.6 of surface water. EC is high, 1406-3030 μS/cm. PCO 2 ranges from 10 −0.40 to 10 0.15 atm (the median of 10 −0.18 atm) in carbonated groundwater, compared with 10 −2.52 -10 −2.09 atm in ordinary groundwater and 10 −2.75 -10 −1.54 atm in surface water [13, 14] . The median PCO 2 of the CO2-rich groundwater is 10 −0.18 atm. (Table 6 ). Na + is dominant in high temperature and deep areas and Ca 2+ is dominant in relatively lower temperature and natural groundwater areas [20, 21] . Additionally, Ca 2+ becomes dominant with the progress of carbonization. These phenomena in the Gyeongsang area imply that the natural environment is at relatively low temperature, or that the surrounding rocks are highly affected by gneiss, calcite, and dolomite, among others.
In Gyeongsang Province, the PDF test was performed using 21 components ( Table 7) . Most of the components of the ordinary and CO2-rich groundwaters appeared distinctly as effective markers for CO2 monitoring by the PDF test and by the t and Wilcoxon tests. However, the components of DO, Cl − , SO4 2− , Sr 2+ , Na + , and Li + were not suitable for use as markers ( Figure 3 , Table 8 ).
As such, 12 items (temperature, pH, Eh, EC, HCO3 − , TDS, K + , Mg 2+ , Ca 2+ , SiO2, NO3 − , and F − ) were determined as useful markers for CO2 monitoring in the sedimentary rock areas of Gyeongsang Province. Trace elements such as Al 3+ , Fe 2+ , and Mn 2+ were also discriminating, but were excluded because their concentrations were very low and because they were not analyzed at the other two provinces. 
Chungcheong Province
The CO 2 -rich water in Chungcheong Province is characterized by very low pH (~4.0) and low TDS, lower than adjacent ordinary groundwaters [13] (Tables 9 and 10 ). In Chungcheong Province, 18 components (temperature, pH, Eh, EC, DO, alkalinity, log P CO 2 , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO 2 , HCO 3 − , Cl − , SO 4 2− , NO 3 − , and F − ) were used for the PDF test. Figure 4 shows the comparative result of the PDF of the components between the CO 2 -rich and ordinary groundwater in the province. The temperature distribution is very similar, both quantitatively and qualitatively, whereas the pH distribution has identical shape but is shifted to the left due to lower pH in the CO 2 -rich groundwater than in the ordinary groundwater. The distributions and the statistical values of TDS and EC were identical between the CO 2 -rich and ordinary groundwaters based on the correlation between TDS and EC ( Figure 4) . 
The CO2-rich water in Chungcheong Province is characterized by very low pH (~4.0) and low TDS, lower than adjacent ordinary groundwaters [13] (Tables 9 and 10 ). In Chungcheong Province, 18 components (temperature, pH, Eh, EC, DO, alkalinity, log P , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO2, HCO3 − , Cl − , SO4 2− , NO3 − , and F − ) were used for the PDF test. Figure 4 shows the comparative result of the PDF of the components between the CO2-rich and ordinary groundwater in the province.
The temperature distribution is very similar, both quantitatively and qualitatively, whereas the pH distribution has identical shape but is shifted to the left due to lower pH in the CO2-rich groundwater than in the ordinary groundwater. The distributions and the statistical values of TDS and EC were identical between the CO2-rich and ordinary groundwaters based on the correlation between TDS and EC ( Figure 4) . Na + , Ca 2+ and Mg 2+ show a similar tendency between the CO 2 -rich and ordinary groundwaters. In this case, the median concentration is often located between the lower and upper limits of one standard deviation of the background values. Therefore, it is better to use the mean instead of the median for distinct quantitative identification when the tail (normally right side) of the probability distribution extends in one direction. Even though the probability distribution of K + in the CO 2 -rich groundwater shifts slightly to the right (i.e., the direction of high concentration), those of the CO 2 -rich and ordinary groundwaters cannot be distinctly distinguished, neither qualitatively nor quantitatively ( Figure 5) .
By comparing the QI shift and QI tail of the PDF test with the t-test and Wilcoxon test in Chungcheong Province, nine effective markers (pH, EC, log P CO 2 , TDS, Na + , Mg 2+ , Ca 2+ , SiO 2 , and HCO 3 − ) were identified (Tables 11 and 12 ).
Water 2017, 9, 960 19 of 26 Na + , Ca 2+ and Mg 2+ show a similar tendency between the CO2-rich and ordinary groundwaters. In this case, the median concentration is often located between the lower and upper limits of one standard deviation of the background values. Therefore, it is better to use the mean instead of the median for distinct quantitative identification when the tail (normally right side) of the probability distribution extends in one direction. Even though the probability distribution of K + in the CO2-rich groundwater shifts slightly to the right (i.e., the direction of high concentration), those of the CO2-rich and ordinary groundwaters cannot be distinctly distinguished, neither qualitatively nor quantitatively ( Figure 5) .
By comparing the QIshift and QItail of the PDF test with the t-test and Wilcoxon test in Chungcheong Province, nine effective markers (pH, EC, log P , TDS, Na + , Mg 2+ , Ca 2+ , SiO2, and HCO3 − ) were identified (Tables 11 and 12 ). t-test (equal variance) 0
Discussion
Groundwater becomes CO 2 -enriched when it circulates to depth, where there is a supply of CO 2 gas in these deep places at high temperatures and/or water-rock interaction. The CO 2 -rich water vigorously reacts with rocks like granite in these deep places and is mixed and/or diluted with local shallow groundwater as it ascends to the surface. In Korea, CO 2 -rich water is governed by geochemical characteristics and geological settings that vary considerably across the country. In Gangwon Province, CO 2 -rich water is tightly coupled with the large-scale fracture system. In Gyeongsang Province, CO 2 -rich water looks like to be mostly produced by groundwater reacting with granite at depth and partly by reacting with sedimentary rocks. In Chungcheong Province, the occurrence of CO 2 -rich water that is characterized by very low pH of~4.0 and lower TDS than the surrounding ordinary groundwater can be explained by the direct supply of CO 2 gas to shallow groundwater without water-rock reactions in deep places [7] . In this case, the PDF technique was effectively applied for discriminating the leakage of CO 2 gas from underground storage, and the origins and water-rock reaction mechanisms of the natural CO 2 -rich waters were essentially irrelevant.
Comparing the CO 2 -rich groundwaters from different bedrocks and origins in Gyeongsang and Gangwon Provinces resulted in similar statistical shape and values for P CO 2 , Eh, DO, SiO 2 , K + , and Na + ( Figure 6 ). In particular, for pH, TDS, and EC, the qualitative distributions were very similar, while the quantitative results were distinguishable, indicating that these parameters were affected by the bedrock types under the same P CO 2 conditions and reaction times of the CO 2 -rich groundwater and rock ( Figure 6 ).
Per the PDF test, the distinct indicator parameters for distinguishing CO 2 -rich and ordinary groundwaters in South Korea are pH, TDS, EC, HCO 3 − , Mg 2+ , Ca 2+ , and SiO 2 (Table 13 ).
However, NO 3 − reflects the characteristics of the regional anthropogenic environment rather than the natural influence of carbonic acid. Other items such as temperature, SO 4 2− , Cl − , and others, were proven to be indistinct indicators (Table 13 ). 
The threshold of P CO 2 between CO 2 -rich and ordinary groundwaters around the three provinces [13, 14] is 10 −0.79 atm with a confidence interval of 97.4% (Table 14, Figure 7 ). In the study areas, the P CO 2 threshold for CO 2 -rich groundwater was higher than 10 −0.5 atm and for ordinary groundwater was lower than 10 −0.7 atm, similar to the results calculated by SOLVEQ and reported in [12] . In the three study areas, the median values of pH for CO 2 -rich groundwater were such that Chungcheong < Gangwon < Gyeongsang (Figure 8 ). On the other hand, the median values of P CO 2 in the three areas were highly analogous (Figure 8 ). The EC and TDS of the CO2-rich and ordinary groundwaters were such that Chungcheong < Gangwon < Gyeongsang and Gangwon < Chungcheong < Gyeongsang, respectively ( Figure 9 ). This finding indicates that the chemical characteristics of the groundwaters are significantly affected by the geology. The different PDF distribution shapes appear as uniform for Gangwon and Gyeongsang Provinces and triangle-shaped for Chungcheong Province. The uniform shape indicates the similar density of the EC or TDS values in Gangwon and Gyeongsang Provinces while the triangle shape designates a great density at a certain range of EC or TDS values in Chungcheong Province. These Figure 8 . Comparison of Chungcheong (blue), Gyeongsang (green), and Gangwon (red) Provinces using probability density distributions of (a) pH and (b) P CO 2 in CO 2 -rich groundwaters.
The EC and TDS of the CO 2 -rich and ordinary groundwaters were such that Chungcheong < Gangwon < Gyeongsang and Gangwon < Chungcheong < Gyeongsang, respectively ( Figure 9 ). This finding indicates that the chemical characteristics of the groundwaters are significantly affected by the geology. The different PDF distribution shapes appear as uniform for Gangwon and Gyeongsang Provinces and triangle-shaped for Chungcheong Province. The uniform shape indicates the similar density of the EC or TDS values in Gangwon and Gyeongsang Provinces while the triangle shape designates a great density at a certain range of EC or TDS values in Chungcheong Province. These distribution shapes might be related to different depths of CO 2 generation as well as the different geological characteristics of the three provinces that are based on the different reaction between CO 2 -rich groundwater and bedrock by using isotopes (oxygen, hydrogen, carbon, sulfur, nitrogen, and strontium) analyses and water-rock interaction processes [12, 13] . Kim et al. [13] reported that CO 2 -rich groundwater originated in deep places in Gangwon and Gyeongsang Provinces, whereas the CO 2 -rich groundwater took place at shallow depths in Chungcheong Province. distribution shapes might be related to different depths of CO2 generation as well as the different geological characteristics of the three provinces that are based on the different reaction between CO2-rich groundwater and bedrock by using isotopes (oxygen, hydrogen, carbon, sulfur, nitrogen, and strontium) analyses and water-rock interaction processes [12, 13] . Kim et al. [13] reported that CO2-rich groundwater originated in deep places in Gangwon and Gyeongsang Provinces, whereas the CO2-rich groundwater took place at shallow depths in Chungcheong Province. 
Conclusions
The chemical components of naturally occurring CO2-rich groundwater in Gangwon, Gyeongsang and Chungcheong Provinces of South Korea were effectively characterized by a new approach based on the PDF test. Twenty-three chemical components (temperature, pH, Eh, EC, DO, alkalinity, log P , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO2, HCO3 − , Cl − , SO4 2− , NO3 − , F − , Al, Fe, Mn, Sr, and Li) for CO2-rich and ordinary groundwaters were analyzed using the PDF test for both quantitative and qualitative monitoring of CO2, and useful monitoring parameters were identified, even in light of uncertainty based on geological complexity.
Through the comparison of CO2-rich groundwater and ordinary groundwaters occurring in Gangwon Province, Gyeongsang Province, and Chungcheong Province, it was determined that pH, TDS, EC, HCO3 − , Mg 2+ , Ca 2+ , and SiO2 are the most effective markers for detecting leakage of CO2 stored underground. In total, 15 markers (pH, Eh, EC, DO, alkalinity, log P , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO2, SO4 2− , NO3 − , and F − ) were identified in Gangwon Province, which features mostly granite and banded gneiss; 12 markers (temperature, pH, Eh, EC, alkalinity, TDS, K + , Mg 2+ , Ca 2+ , SiO2, NO3 − , and F − ) were identified in Gyeongsang Province, which is composed of sedimentary rock; and 9 markers (pH, EC, log P , TDS, Na + , Mg 2+ , Ca 2+ , SiO2, and HCO3 − ) were identified in Chungcheong Province, composed mostly of granite and metamorphic rock. The geological characteristics indicate that in Gangwon Province, CO2-rich groundwater of deep origin underwent a substantial reaction period with the surrounding rocks, whereas in Chungcheong Province, CO2-rich groundwater occurring at shallow depth had a relatively short reaction period. In Gangwon Province especially, PCO 2 , and alkalinity were identified as good markers for CO2-leakage monitoring. 
The chemical components of naturally occurring CO 2 -rich groundwater in Gangwon, Gyeongsang and Chungcheong Provinces of South Korea were effectively characterized by a new approach based on the PDF test. Twenty-three chemical components (temperature, pH, Eh, EC, DO, alkalinity, log P CO 2 , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO 2 , HCO 3 − , Cl − , SO 4 2− , NO 3 − , F − , Al, Fe, Mn, Sr, and Li) for CO 2 -rich and ordinary groundwaters were analyzed using the PDF test for both quantitative and qualitative monitoring of CO 2 , and useful monitoring parameters were identified, even in light of uncertainty based on geological complexity. Through the comparison of CO 2 -rich groundwater and ordinary groundwaters occurring in Gangwon Province, Gyeongsang Province, and Chungcheong Province, it was determined that pH, TDS, EC, HCO 3 − , Mg 2+ , Ca 2+ , and SiO 2 are the most effective markers for detecting leakage of CO 2 stored underground. In total, 15 markers (pH, Eh, EC, DO, alkalinity, log P CO 2 , TDS, Na + , K + , Mg 2+ , Ca 2+ , SiO 2 , SO 4 2− , NO 3 − , and F − ) were identified in Gangwon Province, which features mostly granite and banded gneiss; 12 markers (temperature, pH, Eh, EC, alkalinity, TDS, K + , Mg 2+ , Ca 2+ , SiO 2 , NO 3 − , and F − ) were identified in Gyeongsang Province, which is composed of sedimentary rock; and 9 markers (pH, EC, log P CO 2 , TDS, Na + , Mg 2+ , Ca 2+ , SiO 2 , and HCO 3 − ) were identified in Chungcheong Province, composed mostly of granite and metamorphic rock. The geological characteristics indicate that in Gangwon Province, CO 2 -rich groundwater of deep origin underwent a substantial reaction period with the surrounding rocks, whereas in Chungcheong Province, CO 2 -rich groundwater occurring at shallow depth had a relatively short reaction period. In Gangwon Province especially, P CO 2 , and alkalinity were identified as good markers for CO 2 -leakage monitoring. The P CO 2 threshold between CO 2 -rich and ordinary groundwaters in the three study areas is 10 −0.79 atm, with a confidence interval of 97.4%. The comparison of CO 2 -rich and ordinary groundwaters in the three study areas showed that the median values of pH of the CO 2 -rich groundwater are such that Chungcheong < Gangwon < Gyeongsang, while the median values of P CO 2 of the three areas are very similar.
In this study, the PDF test as a qualitative and quantitative tool was shown to sufficiently discriminate hydrochemical characteristics of different rock types in South Korea for CO 2 leakage monitoring, while minimizing the influence of sample site, size, and timing. Furthermore, the PDF test can be used effectively for comparing two or more items and provides a reasonable result by comparing the probability range, including uncertainty, which may occur during an investigation instead of a single representative value, such as mean or median. However, the applicability of the PDF approach can be confirmed by a subsequent study on relating the PDF results and chemical reaction.
